Aim. The aim of this research is to study the possibility to supply the nano-scale liposomal «container»
Introduction. Among the widely studied drug delivery vehicles, liposomal ones are of special interest due to their attractive properties [1] [2] [3] . Liposomes consist of aqueous core entrapped by one or more bilayers of natural and/or synthetic lipids that allows solubilization of both water-soluble and lipo-soluble compounds. Liposomes, composed of natural lipids, are biodegradable, biologically inert, weakly immunogenic and possess limited intrinsic toxicity [4] . Moreover, liposomes afford a unique opportunity to deliver the drugs into cells by fusion or endocytosis mechanism, i. e. by the atraumatic for cells way [3, 4] . Liposomes can provide targeted delivery of active compounds into sites of action in living cells that is very attractive for medical, biological and pharmaceutical applications [3, 4] . However, a lot of questions are still open. Fluorescent imaging has become an invaluable tool in biomedical researches that can trace the liposome fate in a living cell and help answer many questions including the pathway for cellular internalization of liposomes and incorporated active compounds. For this purpose, a liposome should be supplied with special «signal system» that traces the liposome fate and visualizes the active compound release. Fluorescent probes can play this role [4] .
In this study, we investigate in real time the cellular uptake of hydrophobic fluorescent probes preloaded in phosphatidylcholine (PC) liposomes. For this purpose we used such a fundamental phenomenon in fluorescence spectroscopy as fluorescence resonance energy transfer (FRET). FRET is a transfer of electronic excitation energy from one molecule (donor) to other molecule (acceptor) without intermediate photon emission through long-range dipole-dipole interactions [5] . Since FRET efficiency depends critically on the separation between the donor and acceptor molecules, it is widely used to study a variety of biological processes associated with the intermolecular distance changing [5] . FRET is one of the powerful biophysical methods to characterize the interactions between molecules located at small distances (up to 10 nm) [5] . In molecular biology FRET is very often used to analyze the spatial structures of macromolecules (as protein folding, DNA packaging, etc.), supramolecular structures (as ligand receptor interactions, etc.), and the interactions among molecular membrane components [5] . In our research, hydrophobic dyes 3,3'-dioctadecyloxacarbocyanine perchlorate (DiO) and 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (DiI) were used as energy donor and acceptor, respectively (Fig. 1) . The pair of DiO and DiI dyes is used in various FRETbased applications [4, 6, 7] . In our case, the dyes were pre-loaded in lipid bilayers of PC liposomes that ensured the required distance between the donor DiO and the acceptor DiI to realize FRET. The release of the dyes from liposomes causes a loss of the FRET effect due to an increase of the donor-acceptor distance [5] .
Materials and methods. Chemicals. Fluorescent probe DiO was synthesized in the Institute for Scintillation Materials NAS of Ukraine by Dr. I. Borovoy. The purity of the dye was controlled by thin layer chromatography. Dye DiI and L-a-phosphatidylcholine from egg yolk were purchased from «Sigma-Aldrich» (USA) and used without purification. Chloroform («Sigma-Aldrich») used to prepare lipid and dye stock solutions was a spectroscopic grade product. Dimethyl formamide (DMF, «Sigma-Aldrich») was also of spectroscopic grade.
Preparation of lipid vesicles with DiO and DiI probes. Unilamellar PC lipid vesicles containing DiO and DiI dyes were prepared by the extrusion method [8] . Briefly, appropriate amount of PC (50 mg/ml) and dyes (10 -3 M) stock solutions in chloroform were mixed in a flask and dried until complete chloroform evaporation. The thin lipid-dyes film was then hydrated with 2 ml of Eagle's medium + 10 % fetal calf serum (pH 7.4). The obtained lipid-dyes suspension was finally extruded through 200 nm pore size polycarbonate filter. The concentrations of the DiO and DiI dyes in liposomal suspension were 2×10 -5 M. In order to ensure that the lipid mixture was in equilibrium state, the prepared vesicles rested overnight at 22 °C and the measurements took place on the following day.
Cell labeling procedure. The experiments were carried out using freshly isolated hepatocytes of threemonth Vistar-rats males. Hepatocytes were derived from rat liver by the non-enzymatic method [9] with following washing-out with Eagle's medium with 10 % fetal calf serum. The cells pellet (50 ml 10 7 cells/ml) were incubated with liposomal suspension (50 ml) in 1 ml of Eagle's medium with 10 % fetal calf serum at 37 °C for required time intervals (1, 2, 3 and 20 h). Afterwards non-bound liposomes were removed by centrifugation at 500 g and washing-out by adding HBSS (HEPES buffered saline solution) buffer (pH 7.4) with 0,1 % BSA.
Cell imaging, microspectroscopy and spectroscopy. Cell imaging was performed using inverted fluorescent microscope Olympus IX71 with digital camera Olympus C-5060. BP 460-490 and BP 510-550 filters were used to excite DiO and DiI, respectively. To study 
FRET in cells, BP 460-490 filter was used. Microspectroscopy at the area of interest was carried out using spectral detector USB 4000 (Ocean Optics) connected with Olympus IX71. Fluorescence spectra of the liposomal suspensions with fluorescent probes were obtained using a spectrofluorimeter on the base of two grating monochromators MDR-23 and a xenon lamp. One of the monochromator was used to select a required wavelength (full width at half maximum, FWHM = 0,5 nm), the other one was used for the fluorescence collection.
Results and discussion. The fluorescence of the lipid suspension with the dyes was excited at 460 and 490 nm to pattern the excitation in a fluorescent microscope (BP 460-490 filter). Forced concentration of hydrophobic fluorescent probes in liposome lipid bilayers ensures the required distance between the donor DiO and acceptor DiI to observe FRET (Fig. 2, curve  3) . The FRET ratio calculated as I R /(I G + I R ), where I R and I G are fluorescence intensities of DiI at 570 nm and DiO at 504 nm, respectively, was 0.98. To estimate the contribution of the donor emission in the FRET spectrum and the acceptor direct excitation at 460 nm, fluorescence spectra of liposomes with DiO only and liposomes with DiI only were measured (Fig. 2, curves 1,  2 ). As one can see from Fig. 2 , the contribution of DiO to DiI emission can not be taken into consideration, because the FRET DiO fluorescence is absent (Fig. 2,  curve 3) . The direct excitation of DiI at 460 nm (Fig. 2 , curve 2) is small as compared with the total DiI signal of FRET liposomes (Fig. 2, curve 3) . At 490 nm excitation, DiI emission signal is stronger, but the total DiI signal of FRET liposomes is also stronger. So, the ratio DiI alone/DiI in FRET liposomes remains the same.
When in a solution there are no «containers» that ensures the required distance between the donor and acceptor molecules, the energy transfer disappears (Fig. 3, curve 1) . Fig. 3 represents fluorescence spectra of DiO and DiI dyes in DMF and liposome suspension. As one can see, in DMF, where both DiO and DiI are soluble, at the same dyes concentration, FRET is almost not observed. In such a solution, the FRET ratio I R /(I G + I R ) is 0.23 vs 0.98 observed in liposome suspension.
Therefore, we can suppose that the damage of liposomes as a result of the liposome-cell interaction will cause the release of the dyes from liposomes and loss of the FRET effect due to an increase of the donoracceptor distance [5] . So, the loss of FRET signal could be used as a «signal system» to monitor the delivery of any active compounds to cells.
To monitor the dynamics of the DiO and DiI release from the PC liposomes, the liposomes were mixed with the cell suspension as described above and incubated during different time periods. During the experiment, we control both DiO and DiI fluorescence changes depending on incubation time. Fluorescence spectra recorded from the fluorescent cell areas using a spectral detector connected with a fluorescent microscope are shown in Fig. 5, a.  Fig. 4, a (see inset) shows that immediately after the cells-liposome mixing and further washing out, the cell fluorescent image is represented by the cell autofluorescence. One can also observe FRET liposomes bound to the cell membrane. Fluorescent spectrum recorded from this cell is presented in Fig. 5 , a, curve 2. This spectrum is almost identical to the one recorded from the FRET liposomes (Fig. 5, a, curve 1 , FRET ratio I R /(I G + I R ) is 0.78) with a slight contribution of the autofluorescence peak at 520 nm. After 1 h incubation, a redistribution of DiO and DiI peaks in the fluorescence spectrum can be observed (Fig. 5, a, curve 3) . The DiO fluorescence ratio I G /(I G + I R ) increases from 0.2 to 0.43, while the FRET ratio I R /(I G + I R ) decreases from 0.78 to 0.56 (Fig. 5, b) . Fig. 4 , images a-e (see inset), represents the changes in DiO fluorescence intensity depending on the cell-liposome incubation period. As we can see from Fig. 5, a, b , after 3 hours incubation, the DiO/DiI fluorescence signal redistribution is finished. The DiO fluorescence signal becomes more intensive than the DiI one, I G /(I G + I R ) and I R /(I G + I R ) ratios are 0.62 and 0.37, respectively (Fig. 5, a, b) . Further increase in incubation time does not cause the DiO/DiI ratio increase, and even during 20 h incubation the ratio is just the same (Fig. 5, b) . However, the intensity of DiO and DiI fluorescence increases gradually in time (Fig. 4 , see inset, and Fig. 5, a) .
Thus, the decrease of DiI fluorescence signal in time and increase of DiO fluorescence indicate a release of the probes from the liposomes as the result of the cell-liposome interaction where the FRET effect is significantly diminished. On the other hand, such a result could be observed, if the dyes DiO and DiI escape from the liposomes in time due to liposome instability etc. Literature analysis [1, 6, 7, 10] and our investigations revealed that in the analyzed time period (20 h) PC liposomes are stable and the hydrophobic probe leakage is not observed. Moreover, our studying the efficiency of hydrophobic dye binding to the cell membrane model system (surfactant micelles) shows that DiO and DiI are characterized by high binding ability [11] . So, we can conclude that the decrease in the FRET efficiency in time is caused by the DiO and DiI internalization as a result of cell-liposome binding that does not ensures the required for FRET distance between the donor and acceptor. Fig. 4 , images e and f, show that after 20 h cells-liposomes incubation, both dyes are observed in cells in large amount, the intensities of green and red (excitation with a BP 510-550 filter) signals are very strong. It is known that liposomes can penetrate into cells by different mechanisms: 1) fusion of liposomal vesicle membrane and cell membrane; 2) endocytosis mechanism; 3) liposome adsorption on a cell membrane with a subsequent facilitated diffusion of the active component into the cell; 4) active liposome transport [12] . At this stage of our research we can not specify the way of liposome uptake. In [7] the authors suggest a membrane-mediated pathway for cellular uptake of hydrophobic molecules preloaded into the core of polymeric micelles. It was shown that hydrophobic molecules could be efficiently transferred to lipid bilayers (cell membrane) within minutes, where the lipid bilayers served as a sink to accommodate these molecules before internalization [7] . After 2 h incubation of HeLa cells with polymer micelles containing DiI the dye could be observed inside the cells [7] .
In our research, in 3 h incubation, the DiO/DiI ratio reaches its maxima, so we can conclude that the similar pathway of the dyes internalization could be possible in our case too. This assumption is also supported by the following fact. After 20 h incubation, intensities of green and red signals are very strong. So, both dyes are located in cells, but we do not observe FRET signal recovering that should be observed due to the dyeto-dye distance shortening. That means that the dyes could be located not only in cell membrane, but also inside the cells.
Conclusions. The cellular uptake of hydrophobic fluorescent probes, preloaded in PC liposomes, has been studied in real time using fluorescence resonance energy transfer from the donor probe DiO to the acceptor one DiI. It was revealed that after 3 hours incubation of hepatocytes with FRET liposomes, the FRET signal almost disappeared, whereas DiO fluorescence became very intensive. I R /(I G + I R ) and I G /(I G + I R ) ratios were 0.37 and 0.62, respectively. The loss of FRET signal could be used as a «signal system» to monitor the cell-liposome fusion and delivery of any active compounds to cells. A membrane-mediated pathway for cellular uptake of DiO and DiI dyes preloaded into PC liposomes is supposed. However, this assumption should be verified that will be the subject of our further research. Рис. 6. Струк ту ра нук ле о со мы (PDB-ин декс 1KX5, сай ты вза и мо де йствия ДНК и гис то нов об озна че ны циф ра ми) (а) и сайт свя зы -ва ния ДНК (сайт 5,5, вы де ле ны мо ле ку лы воды, за ни ма ю щие мос ти ко вые по ло же ния меж ду до нор но-ак цеп тор ны ми груп па ми гис то но во го ди ме ра и са ха ро фос фат ным осто вом ДНК) (б)
